Abstract -Red clover is a key floral ressource for bumblebees (Bombus spp.). We here investigate variation within and among red clover fields in species richness and abundance of Bombus spp. in addition to Apis mellifera. Bumblebee individuals were grouped into the following functional groups, based on castes and tongue length: (1) all queens, (2) all workers, (3) short-tongued workers and (4) long-tongued workers. In 14 study fields, no spatial or diurnal within-field differences were found in abundances of bee groups. However, seasonal differences were detected. On average 6.3±0.6 Bombus spp. were observed in each field. In general, maximum observed bee abundances of a field were not associated with field size, weediness, or presence of commercial honeybee hives. However, long-tongued bumblebee abundance was significantly lower in fields with beehives. Seed yield was marginally higher in less weedy fields, but not significantly augmented by presence of bee hives.
INTRODUCTION
In 2006, Biesmeijer et al. presented convincing evidence of recent parallel declines of important pollinator groups, including bees, and specialist-pollinated plants in Europe. Bumblebees (Bombus Latreille spp.) are important pollinators of wild flowers and agricultural crops, and moreover are among some of the best known pollinating insect groups (Goulson, 2003; Benton, 2006; Goulson et al., 2008) . Bumblebees are no exception to the general pattern of pollinator decline, particularly extinctions and decline of species are prevalent from 1950's onwards (Kosior et al., 2007; Colla and Packer, 2008; Grixti et al., 2009; Williams and Osborne, 2009 ). Many Bombus spp. appear on red lists in Europe (e.g. van der Smissen, 2001 (Germany); Madsen, (Sweden); Benton, 2006 (UK) ). Some species are more vulnerable than others, and several hypotheses have been proposed to explain this difference, including forage plant specialization (Rasmont and Mersch, 1988; Goulson, 2005; Carvell et al., 2006; Goulson et al., 2008) and climatic niche specialization but see (Williams, 2005; Williams et al., 2007 ).
The main driver of bumblebee decline is thought to be agricultural intensification, leading to fragmentation, loss and degradation of habitats and food sources due to changes in land use and agricultural practices, in addition to the use of pesticides and introduction of commercial bees (Goulson, 2005; Fitzpatrick et al., 2007; Kosior et al., 2007; Goulson et al., 2008; Murray et al., 2009; Williams and Osborne, 2009 ). Decline of important bumblebee forage plants have been documented (Corbet, 1995; Carvell et al., 2006) . However, our knowledge of habitat requirements for nesting, mating and hibernation of Bombus spp. is very limited. Few studies have investigated the effects of habitats at the landscape scale on bumblebee abundance and diversity but see (Williams, 1988; Osborne et al., 2008a; Knight et al., 2009) .
Among the declining bumblebees are several long-tongued Bombus spp. (Goulson, 2005) . These species typically visit and pollinate long-tubed flowers, such as red clover (Fussell and Corbet, 1992) . Red clover is a key floral resource of Bombus spp. (Carvell et al., 2005; Goulson, 2005; Carvell et al., 2006) , and decline of red clover may have had a negative impact on bumblebee populations (Rasmont and Mersch, 1988; Carvell et al., 2006) .
Once a common crop, particularly before the 1950's, red clover (Trifolium pratense L.) has become rare in Denmark and other North European countries (Rasmont and Mersch, 1988; Kleijn and Raemakers, 2008) . Today, red clover is an important crop in organic farming due to its high resistance to insect pests and ability to grow on nutrient poor soils (C. Jørgensen, pers. commun.). Pollination is almost exclusively by bees (Stapel, 1933; Skovgaard, 1936; Delaplane and Mayer, 2000) . It is generally agreed that bumblebees, specifically long-tongued species, are superior pollinators of red clover (Free, 1993) , although honeybees (Apis mellifera L.) may under some circumstances contribute to pollination (Free, 1993; Delaplane and Mayer, 2000; Brødsgaard and Hansen, 2002) . Seed yield of red clover has been decreasing for the past decades (C. Jørgensen, unpubl. data). It is, however, unknown if decreasing seed yields can be attributed to lack of pollination.
Bumblebee abundances and diversity differ within and among fields (Stapel, 1933; Skovgaard, 1936) . We here investigate factors, which may affect abundances (visitation rates) of different functional groups of bumblebees, in addition to honeybees in red clover fields in Denmark. More specifically, we tested firstly the effect of time of the flowering season, diurnal observation time, and spatial location of the observation plot (edge, intermediate and center) within each field. We then test differences in bumblebee abundances among different fields in relation to geographical location, field sizes, presences/absence of commercial honeybee hives and weediness of the fields.
MATERIALS AND METHODS

Fieldwork
From the 20th of June to 6th of August 2008, we monitored bumblebee and honeybee abundances in 14 red clover fields in Eastern Jutland and Funen, Denmark (Fig. 1) . All study fields were embedded in landscapes dominated by farmland, although surroundings encompassed fields, grassland, forest, hedgerows, and occasionally wetlands to varying extents. Fields were separated by at least 10 km, although two fields were only two km apart (one of these was, however, excluded from the analysis). Each field was observed three times during the flowering season, preferably in the beginning (before peak flowering), the middle (at peak flowering) and in the end (after peak flowering) of the flowering season of red clover. Bumblebees were observed between 8 and 18 h under favorable weather conditions, i.e. no strong winds or rain. On each observation day, three plots of 18 × 18 m (totalling 1000 m 2 ) were placed on a line from the edge to the center of the field, with one at the edge, one intermediate and one at the centre. In every plot we walked slowly back and forth, observing each flower approximately once, and registering the number and identity of flower-visiting bumblebees. On each sampling occasion, we furthermore registered the starting time and time spent walking the plot. Each plot was walked 3-4 times on each sampling day. Sample specimens of bumblebees were collected for later identification by a taxonomic expert (Henning Bang Madsen, Copenhagen University). The closely related Bombus lucorum (L.), B. terrestris (L.), B. magnus Vogt and B. cryptarum (F.) are similar morphologically, and difficult to distinguish in the field, and therefore all individuals belonging to this species complex were registered as B. terrestris. Once during the field season, we assessed the weediness of the field (proportion of weeds). In addition, we obtained information about field size and presence/absence of commercial honeybee hives from the farmers. Presence of honeybee hives was defined as presence of at least one commercial hive in the field or in the field margin of the red clover field.
Seed yield data of each field were obtained from the seed companies DLF Trifolium Denmark and Hunsballe Frø A/S. The yield was in normal quality kg pr. ha, i.e. the total amount of yield adjusted for cleanness and ability to germinate.
Data analysis
Bumblebee activity was calculated as individuals/ha/hour. Bumblebee individuals were categorized into castes (queens, workers and males) and identified to the species level. Data were then grouped into: (1) all queens, (2) all workers, (3) workers of short-tongued species, (4) workers of long-tongued species, and (5) workers of Apis mellifera.
Activity levels of bumblebee groups and honeybees were tested against field characteristics (see below). Because of small sample sizes we used the non-parametric Kruskal-Wallis test for the withinfield analyses. For the remaining analyses, we used parametric tests (linear regression and ANOVA), using appropriate transformations to meet the assumptions of parametric tests. All analyses were done in JMP 7.0 (SAS Institute).
For each of the 14 study fields, we investigated the effect of the following factors within the field:
• Season (early, mid, late in the flowering period of the field).
• Time of the day (before noon or afternoon).
• Place of plot in the field (edge, intermediate, center) .
Because the latter two factors were non-significant in most instances, we pooled data within fields for each sampling day. We then compared bumblebee group activities across different fields. Because bee activity levels changed seasonally, for each field we used the maximum observed bee activity level as a representative value of the field's capacity to support bumblebees. In the across-fields analysis, we compared activity data for the date of peak activity of bumblebees (mostly mid season) and honeybees • Field size (in ha).
• Presence/absence of commercial honeybee hives.
• Proportion of weeds (non-red clover).
Lastly, we tested correlations between yield (kg red clover seed per ha), field characteristics and bee group maximum activity levels.
RESULTS
Species richness of Bombus
We generally observed few species of Bombus. A total of ten species were observed, of these four were observed in all study fields, three were observed in some fields, while three species were only registered once each (Tab. I). On average, we observed a total of 6.3 ± 0.6 Bombus spp. with a maximum of seven species per field during the entire season. On one observation day, we observed 5.0 ± 1.1 Bombus spp. per field. Species accumulation curves mostly reached saturation after 30-40 min of observation. Observation time per day per field was 103 ± 48 min.
Fairly high abundances of Bombus individuals were observed throughout the season. We found a general dominance of individuals of the Bombus terrestris complex. Furthermore, the majority of Bombus individuals observed were of the worker caste (Tab. II).
Differences in abundances within fields
No significant difference was found in abundances of all bumblebee groups at all 14 localities in plots at the edge, intermediate or center of the field (Kruskal-Wallis test: all P > 0.05). Furthermore, for most Bombus groups and localities, no diurnal variation was found in abundances. Exceptions included two fields, in which total, short-tongued and longtongued bumblebee workers had significantly higher abundances before noon. Honeybee activity differed significantly between before and after noon in two fields, but in no consistent direction. In contrast, abundances of many bee groups at all localities were significantly or marginally significantly associated with time of the season. For all bumblebee groups, abundances mostly peaked in mid season, while honeybee abundances mostly peaked towards the end of the red clover flowering season. For this reason, we pooled data from different plots and data collected at different times of the day within localities. For each locality, we then selected the day with the highest total abundance of bumblebees (and for honeybees the day of maximum honeybee activity) for the amongfields analyses.
Differences in abundances among fields
Study fields varied in size (3 to 15.5 ha), weediness (2 to 60%), presence/absence of honeybee hives, and seed yield (0 to 710 kg/ha) (Tab. III). One locality (Sall 2) was excluded from the analysis because of its outlier position (high proportion of weeds, late flowering, and no seed yield). For the remaining fields, maximum abundances of bumblebee groups and honeybees were not significantly associated with field size (linear regression, all P > 0.05), although larger fields tended towards slightly lower maximum abundances of bumblebees.
Presence of commercial beehives did not affect total maximum abundances of queen and worker bumblebees, nor maximum abundances of short-tongued workers (ANOVA, all P > 0.05). However, the maximum abundance of long-tongued workers was significantly negatively affected by the presence of beehives (ANOVA: df = 1, F = 8.53, P = 0.01, R 2 = 0.44, Fig. 2 ). Not surprising, honeybees had a significantly higher maximum abundance in the presence of hives (ANOVA: df = 1, F = 5.40, P = 0.04, R 2 = 0.33). Common weeds in the red clover fields were flowering Cirsium arvense (L.) Scop., Carduus crispus L., Matricaria perforata Mérat, Trifolium repens L., Rumex L. sp., in addition to grasses. Flowering weeds were visited by both Bombus spp. and Apis mellifera. Proportion of weeds in the fields was not associated with maximum abundances of bee groups, except for the maximum activity of honeybees, which decreased with increasing weediness of the field (linear regression: Slope = -45.08, F = 6.07, P = 0.03, R 2 = 0.36).
Seed yield (kg/ha) was not significantly associated with presence of honeybee hives (ANOVA: P > 0.05, Fig. 3) , field size or the maximum abundances of any bumblebee groups or honeybees in the fields (linear regression, all P > 0.05). However, yield was marginally lower in weedy fields (linear regression: Slope = -11.73, F = 4.72, P = 0.05, R 2 = 0.30).
DISCUSSION
Although a total of 29 species of Bombus have been described from Denmark, many are rare, some possibly extinct (Madsen, 2009 ). In the current study, we only observed ten species, and of these only seven were repeatedly observed. Fields in different locations differed in abundances of bumblebee groups in addition to honeybees. However, within a field, abundances only appeared to vary through the season, and not with spatial location, nor time of the day.
Seasonal differences
Different bee species have different temperature thresholds, below which foraging does not normally occur, e.g. 5-12
• C for Bombus spp. and 11.3
• C for Apis mellifera . However, as all our bee observations were carried out above this threshold (minimum temperature was 14.8
• C), diurnal or seasonal temperature differences should not affect our results. The mid-seasonal peak of bumblebee activity is likely attributed to the availability of red clover flowers in the field, which peaked in mid season (data not shown). The phenology of the bumblebees, e.g. production of new queens in late season or interspecific differences in seasonal activity periods, was generally not mirrored in the abundances of bumblebee groups in the fields. Perhaps this is due to the relatively short flowering period of red clover, and to high between-colony variability in bumblebee phenology. Honeybees, however, were not abundant until late in the flowering season. Honeybees are generally thought to have difficulties exploiting the long-tubed flowers of red clover due to their short tongue length (Free, 1993; Delaplane and Mayer, 2000; Brødsgaard and Hansen, 2002) . However, exceptionally dry and warm conditions may lead to a high nectar standing crop in red clover, thus providing optimal conditions for the honeybees to forage on red clover (Free, 1993) . In fact, these conditions applied to the late red clover flowering season of 2008.
Effect of field characteristics and surroundings
Species assemblages of bumblebees varied among the 14 localities of the study. At all locations, B. terrestris was the most abundant species, while the second most common species was B. lapidarius, B. pascourum or B. hortorum. The difference in bumblebee species assemblages recorded among fields is unlikely to be explained by regional differences in the bumblebee fauna, because assemblages of closely located fields sometimes differed. The fields included in this study, however, were highly heterogenous in size, shape, weediness, management and surroundings.
We found that field size did not affect recorded bumblebee and honeybee abundances. However, the influence of field size on seed yield in bee pollinated crops has been debated. While one study detected no effect of field size on seed yield in red clover (Brødsgaard and Hansen, 2002) , another found decreasing yields for larger fields (Hawkins, 1958) . A critical size of 12 ha for adequate pollination has been reported for field bean (Vicia faba) (Bond and Pope, 1974; J.B. Free and Williams, 1976) . One hypothesis explaning the negative effect of field size is that bumblebees nest in the field margin (Skovgaard, 1936; Osborne et al., 2008b) , and preferentially forage close to their nests (Goulson, 2003) . However, in the current study, field sizes were generally small (<15.5 ha), and even for door step feeders, the distance between the edge and center of the field may fall within their normal foraging range, i.e. a few hundred meters (Darvill et al., 2004; Knight et al., 2005) . In conclusion, within the interval of red clover field sizes currently in use, the effect on bumblebee abundances were minor if any. Furthermore, yield was unaffected.
Commercial honeybee hives
The effect of commercial beehives on bumblebee abundances is difficult to assess. Honeybees regularly fly several km to collect nectar (Visscher and Seeley, 1982) , and hence may visit the red clover field from nearby hives, even if hives are not placed by the farmer. Presence of honeybee hives did, however, result in a high activity level of honeybees in the red clover fields, and within a field honeybees were particularly abundant in the field closest to the hives (pers. obs.).
No significant difference was found in seed yield between fields with and without commercial honeybees. As mentioned above, honeybees are generally not thought to be good pollinators of red clover because of their short tongue length (Free, 1993; Delaplane and Mayer, 2000; Brødsgaard and Hansen, 2002) . In the present study, weeding appeared a more important factor than the pollination service provided by honeybees in terms of elevating seed yield.
The presence of beehives did not affect the total number of queens or worker bumblebees, nor short-tongued workers. However, it had a negative effect on long-tongued workers (Fig. 2) . Forup and Memmott (2005) detected a negative correlation between abundances of Bombus spp. and honeybees in lowland heath areas. Although these results are not conclusive evidence of competition, it cannot be ruled out that honeybees act as superior competitors to long-tongued bumblebees for nectar. Because several long-tongued species are in decline (Goulson, 2005; Benton, 2006) , we caution against an excessive use of commercial honeybees. Long-tongued bumblebees are thought to be superior pollinators of red clover (Free, 1993) , and their decline may potentially reduce pollination, and hence seed set. However, low abundances of long-tongued bumblebees did not presently translate into reduced seed yield in red clover.
On the other hand, presence of honeybees may affect bumblebee abundances negatively by other means than competition. Because honeybees and bumblebees are closely related, and furthermore work in close proximity in the red clover fields, cross-species infection potentially occurs (Goulson et al., 2008) . However, a preliminary test of individuals of three Bombus spp. collected in red clover fields showed no evidence of spill-over pathogens from Apis mellifera (P. Kryger, unpubl. data).
Pesticides
Other farming practices may affect bumblebee abundances and diversity negatively. In the current study, bumblebee and honeybee activity did not differ between organic and conventional fields (data not shown). However, of the 14 fields included in the study, only two were conventional (Tab. III), and sample sizes thus too small to answer this question. Very little is known about the effect of pesticides on bumblebees. In red clover fields, the insecticide Karate 2.5 WG is applied against seed predators, particularly the clover seed weevil Apion Herbst spp. and the lesser clover leaf weevil Hypera nigrirostris (F). Pesticides are risk assessed on honeybees, and instructions for use include spraying in late evening, when honeybees do not forage (directions for use and safety information, www.syngenta.dk). Bumblebees may be affected differently because of their longer diurnal activity periods, smaller colonies, which produce sexuals during a limited period, larger and more variable body size, and larger nectar carrying capacity per foraging trip (Thompson and Hunt, 1999; Thompson, 2001) . Preliminary observations indicated that bumblebee abundances decreased up to 7-11 days after spraying in a red clover field (Y.L. Dupont and K.H. Wermuth, unpubl. data) . This, however, is an area in urgent need of further investigation.
Conclusions
We conclude that bumblebee species composition and functional group abundances differed among red clover fields in Denmark. Bumblebee abundances mostly peaked in mid season, but no diurnal or spatial difference was found in bumblebee activity levels within each field. The peak activity of bumblebee groups was not associated with field size or weediness. Presence of honeybee hives affected the abundance of long-tongued bumblebee workers negatively, while seed yield was not significantly improved. Honeybee abundances mostly peaked in the late flowering season of red clover. The influence of pesticides on bumblebee activity and seed yield is unknown.
